Blocking of TREM-1 signaling improves survival of mice with sepsis induced by Pseudomonas aeruginosa. However, whether TREM-1 blockade has beneficial effects in polymicrobial sepsis is poorly understood. Here, we aimed to investigate the effect of modulation of the TREM-1 pathway in rats with polymicrobial sepsis induced by cecal ligation and puncture (CLP).
Background
Sepsis is a leading cause of death in intensive care units (ICU), with life-threatening infectious complications [1, 2] . Rapid progression to circulatory collapse, multi-organ failure, and eventually causing death often caused by late diagnosis and treatment of sepsis [3] . Sepsis is a collection of disorders associated with infection by bacteria, viruses, or fungi. It often leads to an overwhelming response of innate inflammation [4] , which results in a release of pro-inflammatory factors such as IL-1, IL-6, and TNF-a [5] .
The triggering receptors expressed on myeloid cells (TREM)-1 is an additional family of innate immune receptors, which is mainly expressed on murine and human granulocytes and monocyte/macrophages. TREM-1 plays a vital role in the triggering of inflammatory responses [4, [6] [7] [8] . It can induce cytokine production through binding with its adaptor molecule TYRO protein tyrosine kinase-binding protein (TYROBP) [7, 9, 10] . In addition, TREM-1 can also synergize with various Toll-like receptors (TLRs), causing amplified inflammatory responses [5, 7, 9, 10] . It is generally accepted that TREM-1 upregulation is specifically associated with an anti-microbial immune response, whereas TREM-1 is not increased in conditions with noninfectious inflammatory disorders such as vasculitis or auriasis [6, 11] . Soluble TREM-1 has been reported to be upregulated in patients with septic shock, and may serve as a diagnostic marker in patients with sepsis. Moreover, clinical studies revealed that it can also reflect the severity of sepsis and predict prognosis of patients [12] [13] [14] [15] . Elevation of TREM-1 expression has been observed in pneumonia, mesenteric ischemia-reperfusion, and chronic obstructive nephropathy in murine models [16] [17] [18] . In addition, it has been reported that blocking TREM-1 signaling can prolong the survival of mice with sepsis induced solely by Pseudomonas aeruginosa [19] . However, less is known about the role of TREM-1 blockade in polymicrobial sepsis. A murine model with sepsis induced by cecal ligation and puncture (CLP) is more representative of clinical features of sepsis. Thus, we used this model to evaluate the effect of TREM-1 blockade.
TREM-1 has been reported to lack known signaling motifs and its natural ligand is currently unknown. It has been reported that TREM-1 can trigger the Janus kinase 2 (JAK2) signaling pathway, and thus leads to the phosphorylation of signal transducers of activation of transcription 3 (STAT3) [20] . The transcription factors upregulate the relative genes involved in the inflammatory response. Sepsis is present when there is clinical evidence of systemic inflammation, and the most common site of infection is the lungs, accounting for 40% of infection [21, 22] . Sepsis has been also reported to be able to induce acute kidney injury from experimental and clinical data, where the degree of inflammation and/or the tolerance to inflammation play vital roles [23, 24] . Thus, in order to further elucidate the possible mechanism underlying the effect of TREM-1 blockade, we further evaluate the expression level of JAK2, STAT3, pJAK2, and pSTAT3 in the kidneys and lungs.
Material and Methods

Animals
Adult male Sprague-Dawley rats (250-300 g) were purchased from SPF Laboratory Biotechnology, Inc. (Beijing, China). Rats had free access to food and water. The animals were housed and handled according to the Guide for the Care and Use of Laboratory Animals (National Institutes of Health Publication Number 80-23) and the study protocol was approved by the Ethics Committee of Tianjin First Central Hospital.
TREM-1 inhibitors
LP17, which spanned the complementary region loop 3 of TREM-1, was synthesized by Ribobio, LTD (Guangzhou, China) as previously described [25] . The sequence of the LP17 was LQVTDSGLYRCVIYHPP [25] . The purity of LP17 (99%) was determined by mass spectrometry (MS) and reversed-phase highperformance liquid chromatography (RP-HPLC). A scrambled peptide, consisting of the same amino acids but in an absolutely different sequence, was synthesized and acted as a control peptide (Ribobio, LTD).
Cecal ligation and puncture model and experimental design
Polymicrobial sepsis was induced using the cecal ligation and puncture (CLP) method as described previously. Briefly, rats were anesthetized with intraperitoneal injection of 40 mg/kg thiopental [26] . A small midline incision was made to expose the cecum through the skin and peritoneum under aseptic conditions. Approximately 1.5 cm of the cecal appendage was ligated midway between the cecal base and the distal pole, using 4/0 surgical silk. Then, double punctures were made using an 18-gauge needle and expelling a small amount of feces. After cecum repositioning and skin closure, resuscitation was achieved through subcutaneous injection of 1 ml pre-warmed saline (0.9% saline) [27] .
Normal SD Rats receiving 0.1 ml saline (1 mg in 0.1 ml of saline) served as the normal control group (NC). Rats with sepsis induced by CLP were allocated randomly to received scramble peptide (3.5 mg/kg; CLP-Scrambled) or LP17 (3.5 mg/kg; CLP-LP17) via the jugular vein. At each time point of 12, 24, and 48 h, 8 rats were killed for the detection of sTREM-1, TNF-a, IL-6 and IL-1b, JAK2, and STAT3. Enzyme-linked immunosorbent assay (ELISA) for sTREM-1, TNF-a, IL-6, and IL-1b Blood specimens (2 ml) were obtained and centrifuged at 3000 rpm for 10 min. The supernatant was collected and stored at -80°C for further use. The levels of sTREM-1, TNF-a, IL-6, and IL-1b in serum were determined by ELISA using commercial kits, following the manufacturers' protocol. The human sTREM-1 kit was obtained from Abcam (Cambridge, UK). TNF-a, IL-6, and IL-1b were purchased from eBioscience (R&D Systems).
Real-time PCR
Total RNA was extracted from rat lung and kidney tissues using TRIzol regent (Invitrogen). Reverse transcription was carried out and obtained cDNA was used as the template for realtime PCR. Quantitative real-time PCR was performed based on SYBR Green I (Power SYBR Green Master Mix, Roche, IN, USA). GAPDH was used as an internal control to normalize for the RNA abundance. Relative expression levels of the gene was calculated using the 2 -DDCt method after normalization with the GAPDH gene [28] . The experiments were repeated in triplicate.
Western blot analysis
Western blot analysis was performed as previously described [20, 28] . The primary antibodies used for Western blot were rabbit-anti-rat JAK2 monoclonal antibody (Cell Signaling Technology, Inc.), rabbit-anti-rat phospho-JAK2 monoclonal antibody (Cell Signaling Technology, Inc.), rabbit-anti-rat STAT3 monoclonal antibody (Cell Signaling Technology, Inc.), rabbit-anti-rat phospho-STAT3 monoclonal antibody (Cell Signaling Technology, Inc.), and rabbit-anti-rat b-actin polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Statistical analysis
Results are expressed as mean ±SD (standard deviation). Data were recorded and assessed using SPSS 19.0 (Chicago, IL). Statistical significance was calculated by one-way ANOVA analysis followed by the LSD post hoc test. The probability value p<0.05 was considered as a significant difference.
Results
LP17 attenuates the increased level of soluble TREM-1 in rats with sepsis
We found that the concentration of sTREM-1 was progressively and greatly increased in rats with CLP-induced sepsis, (Figure 1 ). Moreover, a significant attenuation of sTREM-1 concentration was observed after the administration of LP17 (Figure 1) . Our results suggest that LP17 attenuates the increased level of sTREM-1 in rats with sepsis induced by CLP.
LP17 prolongs survival of rats with sepsis induced by CLP
Considering that TREM-1 was highly expressed during microbial inflammations [6] , we wanted to test whether TREM-1 blockade had an effect on the survival of rats with CLP-induced sepsis. As shown in Figure 2 , after administration of LP17, more than 60% survival was observed in rats at the experiment endpoint, but none of the rats survived after the treatment with scrambled peptide. Our results indicate that LP17 significantly prolonged the survival of rats with CLP-induced sepsis and might serve as a potential therapeutic option for sepsis.
LP17 attenuates systematic inflammatory responses
The concentration of TNF-a, IL-6, and IL-1b were measured in the serum at time points of 12 h, 24 h, and 48 h after the first treatment. As compared with the normal rats receiving saline, TNF-a, IL-6, and IL-1b were all significantly increased in rats with sepsis ( Figure 3) . Moreover, serum concentrations of all these 3 cytokines were all strikingly attenuated after LP17 administration as compared with scrambled peptide. No significant difference was found between the CLP-LP17 group and normal control group (Figure 3) . These results indicate that LP17 administration attenuates the increase of TNF-a, IL-6 and IL-1b, and thus attenuates systematic and distant inflammatory responses.
LP17 attenuated the increased level of pJAK2 and pSTAT3
To elucidate the underlining mechanism, we further evaluated the expression level of JAK2, STAT3, pJAK2, and pSTAT3 in kidney and lung. Our results showed no significant changes in the mRNA and protein levels of JAK2 and STAT3 in kidney after LP17 administration and the scrambled peptide ( Figure 4) . However, the increased levels of pJAK2 and pSTAT3 were significantly attenuated by the administration of LP17 (Figure 4) . Similar results were obtained in the lung ( Figure 5 ). These results indicate that LP17 may prolong survival of rat and attenuate systematic inflammatory responses through the JAK2/ STAT3 signaling pathway.
Discussion
Soluble TREM-1 (sTREM-1) has been considered to be a sensitive and specific marker of infection, and elevated levels of sTREM-1 have been reported in critically ill patients with sepsis [2, 4, 6, 8, 10, 13] , as well as in murine models of sepsis [19] . Our study revealed that sTREM-1 concentration was greatly increased in rats with CLP-induced spesis, and TREM-1 inhibitory peptide (LP17) can significantly attenuate the elevated sTREM-1 concentration and prolong survival of rats. It has been widely reported TREM-1 is highly expressed during microbial inflammations [4, 6, 19] . Wang et al. reported that the TREM-1 expression , and IL-1b (C) in serum was determined by ELISA assay in triplicate 12, 24, and 48 h after the first administration of saline, scrambled, or LP17. There were 8 rats in each group. NC, normal rats receiving saline; CLP-Scrambled peptides, rats with sepsis receiving scrambled peptide; CLP-LP17, rats with sepsis receiving LP17.
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was found on blood neutrophils and peritoneal macrophages in mice with sepsis induced solely by a strain of gram-negative bacteria (Pseudomonas aeruginosa) [19] . They also found that the proportion of TREM-1-positive cells was increased [19] . Many studies also indicated that increased protien concentrations of circulating sTREM-1 are detected in plasm during infection and inflammation [29] [30] [31] . In our study, we evaluated the concentration of soluble TREM-1 in rats with polymicrobial sepsis induced by CLP. Our results showed a remarkble and progressive increase of sTREM-1 concentration in rats with CLP-induced sepsis. Moreover, the increase was attenuated by LP17, a TREM-1 inhibitor spanning the complementary region loop 3 of TREM-1. Our results confirmed upregulation of soluble TREM-1 in polymicrobibial spesis, and the increase of soluble TREM-1 could also be atteneuated by its specific inhibitor LP17.
It has been reported that blockade of TREM-1 signaling can prolong survival of mice with LPS-induced septic shock [6] . Wang et al. also revealed that TREM-1 blockade protects the animals from death in a murine model of P. aeruginosa-induced spesis [19] . However, less is known about whether TREM-1 blockade has any beneficial effects in sepsis with polymicrobial infection, which is closer to the clinical features of sepsis. In the present study, we tested the effect of TREM-1 blockade under the condition of polymicrobial infection in a murine model of CLP-induced sepsis. Our results showed that more than 60% survival was observed in rats at the experiment endpoint after administration of LP17, but none of the rats survived after treatment with scrambled peptide. Our results partially agree with those from Wang et al., who observed 80% survival in mice with P. aeruginosa-induced spesis treated with TREM-1 Fc fusion protein [19] .
It has been reported that LP17 successfully attenuates the inflammatory responses in a variety of diseases such as hemorrhagic shock, autoimmune arthritis, and mesenteric IR-induced 
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injury [17, 18, [32] [33] [34] [35] [36] [37] . Similar results were obtained in our study. Given that TREM-1 can trigger inflammatory responses, and that TREM-1 inhibitors may prevent pathology and mortality caused by excessive inflammations, we further investigated whether TREM-1 blockade through inhibitory peptide LP17 could attenuate the inflammatory response. Serum concentrations of pro-inflammatory factors such as TNF-a, IL-6, and IL-1b were all strikingly attenuated after LP17 treatment as compared with the administrations of scrambled peptide.
Previous reports imply that the activation of JAK/STAT signaling pathway could regulate inflammatory responses and inhibits the level of pro-inflammatory factors, including cytokines and chemokines [38] [39] [40] . It has also been reported that TREM-1 activation triggers the JAK2 pathway, thus leading to the phosphorylation of STAT3 [20] . The transcription factors upregulate the relative genes involved in the inflammatory response.
To further study the potential underlying mechanism of the decrease of pro-inflammatory factors by LP17, we evaluated the mRNA and protein levels of JAK2 and STAT3 in 2 main organs, the kidneys and lungs. In aggreement with previous reports, the increased levels of pJAK2 and pSTAT3 were significantly attenuated by the administration of LP17. These results indicate that LP17 may prolong survival of rats and attenuate systematic inflammatory responses through inhibition of the JAK2/STAT3 signaling pathway.
Conclusions
In conclusion, TREM-1 blockade by the use of an inhibitory peptide LP17 could prolong survival of rat and attenuate systematic inflammatory responses through the JAK2/STAT3 signaling pathway. Our results suggest that modulation of TREM-1 by a synthetic peptide might be a potential therapeutic option for polymicrobial sepsis. However, it should be noted that we 5054
